ABSTRACT When Bloom syndrome (BS) cells labeled with bromodeoxyuridine (BrdUrd) for one round of DNA replication were fused with nonlabeled normal cells, the hybrid cells had a normal level of sister chromatid exchange (SCE) at the first mitosis after fusion. However, when normal cells treated with mitomycin C (MC) were fused with nontreated normal cells, the MCinduced SCE was not affected by fusion with normal cells. Single and twin SCEs were analyzed in the Colcemid-induced endoreduplicated normal and BS lymphoid B cells from diplochromosomes. In normal cells, the same number of SCEs occurs in each of the two cell cycles; the SCE ratio of single (6.30 SCEs per cell) to twin (2.92 SCEs per cell) was 2:1 on the endoreduplicated-cell basis, showing 1:1 on the diploid-cell basis. In BS cells, the SCE ratio of single (144.8 SCEs per cell) to twin (5.9 SCEs per cell) was 25:1 on the endoreduplicated-ceIl basis and was 12:1 on the diploid-cell basis. These studies strongly suggest that most of the BS SCEs occur during the second cell cycle when BrdUrd-containing DNA is used as template for replication and that the normal level of BS SCE observed at the first mitosis of the hybrid cells is the result of SCE inhibition resulting from the fusion with normal cells.
The increased rate of sister chromatid exchange (SCE) in Bloom syndrome (BS) cells has bemen well established (1) (2) (3) , though neither the mechanism leading to nor the biological significance of SCE is known. Normalization of the SCE frequency in BS cells by cell fusion with eudiploid cells by using polyethylene glycol and dimethyl sulfoxide techniques has been reported (4) (5) (6) . When BS cells labeled with bromodeoxyuridine (BrdUrd) for one round of DNA replication were fused with nonlabeled normal cells, the hybrid cells had a normal level of SCE at the first mitosis after fusion (6) . However, recent studies of single and twin SCEs in endoreduplicated normal cells also have shown that an equal number of SCEs occur in each of the two cell cycles of growth required for their demonstration (7, 8) . On the basis of these data, a 50% reduction in BS chromosome SCE frequency could theoretically be expected to be observed one cell cycle after fusion. However, a clearcut normalized level of SCE was observed; therefore, the theoretical half reduction was clearly inconsistent with the exact data of ref. 6 . In order to clarify this point, the exact frequency of SCE in the first and second cell cycles should be analyzed in BS cells. At present, the SCEs in endomitosis are the only way to analyze which SCEs occur during the first and second cell cycles. Each SCE that arises during Si phase appears as a twin SCE at the second mitosis (M2 phase), and an exchange that occurs during S2 phase gives rise to a single SCE in only one of the pair of daughter chromosomes at M2 phase.
In the present study we 
MATERIALS AND METHODS
A permanent BS lymphoid B-cell line (EBV-BS1I2), which retained its original increased SCE in 100% of the cells, and a normal B-cell line (EBV-NL) were established from a patient with BS and from a normal subject by using Epstein-Barr virus (EBV) (9, 10) . To induce endoreduplication of human cells, we used the spindle inhibitor Colcemid technique (8) . The method involved the 8-hr treatment with Colcemid (0.1 ug/ml; Difco) in the middle of BrdUrd incubation-that is, between 22 and 30 hr during the late part of first mitosis. After such an intervening treatment, the Colcemid-containing medium was discarded, and the cells were reincubated in fresh medium containing BrdUrd and deoxycytidine for an additional 48 hr. The protocol for cell fusion followed that described previously (6) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cultures were centrifuged and the media were removed. Equal numbers of nontreated and MC-treated normal cells (both at 5 x 106 cells per ml) were mixed and then rinsed with 0.05% trypsin for 1-2 min. After centrifugation, 0.5 ml of 50% polyethylene glycol/10% dimethyl sulfoxide was placed over the cells for 1-2 min and then immediately removed with a Pasteur pipette. The cells were thoroughly washed three times with RPMI 1640 medium and then recultured without BrdUrd at 370C in a CO2 incubator and harvested at 48 hr. Chromosome preparations and differential staining of sister chromatids was performed as described (3) . The effect of BrdUrd also was evaluated on BS cell growth, cell survival, and cell killing with various concentrations of BrdUrd (5, 10, and 20 ,g/ml) by using the trypan blue dye exclusion test.
RESULTS

Single and Twin SCEs in Normal and BS Endoreduplicated
Cells. Table 1 summarizes an analysis of base line SI-phase and S2-phase exchanges in endoreduplicated normal and BS cells.
In normal cells, the ratio of single (6.30 SCEs per cell) to twin (2.92 SCEs per cell) was 2:1 on the endoreduplicated-cell basis, and it was 1:1 on the diploid-cell basis as usually observed in human diploid cells by the ordinary SCE method (8) .
Based on the above background, we analyzed the twin and single SCE frequencies of over 45 endoreduplicated BS metaphases. A many-fold increase of single SCEs was detected, and 144.8 single SCEs on the average were counted in endoreduplicated BS metaphases (Table 1 ). This increase was present in all endomitoses informationally labeled with BrdUrd/deoxycytidine and with BrdUrd only; no significant difference was observed between the two protocols. In contrast, twin SCEs were rare, and only 5.9 twin SCEs were countable in spite of the many-fold increase in single SCEs. BrdUrd-labeled BS endomitosis showed 108 single SCEs and 6 twin SCEs (indicated by arrows in Fig. 1 ). The localization of twin and single SCE breakpoints was carefully analyzed in BS endomitoses because the exact evaluation of single and twin SCEs depends on the resolution limits of the SCE breakpoints. Fig. 2 single (short arrows) and twin (long arrows) SCEs. As clearly seen, a difference in the exact site of the breakpoint makes a clear distinction between single and twin SCEs, though both of them are closely linked. In BS cells, the ratio of singles (144.8 SCEs per cell) to twins (5.9 SCEs per cell) was 25:1 on the endoreduplicated-cell basis, and it was 12:1 on the diploid-cell basis; the rates of Sj-phase and S2-phase exchanges were 5.9 and 72.4 SCEs per cell, respectively. The total SCE number (Sl + S2 = 78.3) corresponds well to that of BrdUrd-labeled diploid BS cells (79.6). The present finding strongly indicates that most of the BS SCEs occur during the second cell cycle.
Effects of Cell Fusion on SCE Frequencies. Table 2 summarizes the effects on SCE frequencies of cell fusion between MC-treated normal lymphocytes and nontreated normal lymphocytes. The procedure for cell fusion in experiment 6 (Table 2) followed that as described (6) . Lymphoid B cells were labeled with BrdUrd only for one round of DNA replication (for 20 hr) prior to cell fusion. Consequently, the chromatids contained DNA duplexes of different constitutions (designated TT and TB, in which T is the thymidine-containing strand of the DNA duplex and B is the BrdUrd-containing strand) and stained differently with the technique as described (3) . There was no difference in the Giemsa-staining properties of sister chromatids of cells pulse-labeled with BrdUrd only during the first cycle, as compared to those exposed to BrdUrd during two successive DNA replications.
In experiments 1 and 2 ( In experiment 7, when BS cells labeled with BrdUrd for 20 hr (one cell cycle) were fused with unlabeled normal cells, the SCE level of the hybrid cells was normal at the end of the first cell cycle after cell fusion (Fig. 3) , whereas when the labeling of BS cells was extended to 48 hr (two cell cycles), the SCE level in the hybrid cells was not normalized at the third cell cycle.
In experiments 5 and 6 (Table 2) , the effect of cell fusion itself was examined; cell hybrids between homologous cells were produced. No significant change occurred in the frequencies when hybrids were produced between cells of the same origin. Thus, the process of cell fusion per se did not affect the SCE frequency.
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The fact that SCE induced by MC in the presence of BrdUrd was not affected by fusion with unlabeled normal cells, whereas the SCE level in BS was normal after fusion with unlabeled normal cells, suggests that a basic difference exists between increased SCE levels in BS cells versus those induced by MC, in either the quality of the damage or the extent of damage to the DNA strands. Thus, the finding of endomitoses where most of BS SCEs occur during the second cell cycle indicates that cell fusion inhibits the process of BS SCE formation during the second cell cycle when BrdUrd-containing DNA is used as the template.
BrdUrd Effect on Cell Growth and Cell Killing. The growth curves of normal and BS lymphoid B cell lines are shown in Fig. 4 . The presence or absence of deoxycytidine was not significant. In the control cultures, the growth patterns of these lines were very similar at the exponential growth phase, with their doubling times ranging from 30-36 hr (Fig. 4) , though BS cells grew slightly more slowly than the normal cells. The generation times (cell cycle time) of these lines were about 24 hr. BrdUrd effects on normal and BS cell lines were studied by a cell viability test that used the trypan blue dye exclusion method. Normal cells grew in the presence of various concentrations of BrdUrd (5, 10, and 20 ,ug/ml). In contrast, very little cell growth was observed in BS cells in the presence of BrdUrd (5, 10 , and 20 tug/ml) after 3 days of culture, though BS cells grew during the first 2 days of culture in the presence of BrdUrd. Growth rate in BrdUrd-labeled BS cells was significantly lower than that in normal cells (Fig. 4) . Fig. 5 shows the percentage survival after 4 days of culture with BrdUrd. The change in the number of surviving normal cells with and without BrdUrd is not statistically significant. However, 30-50% of BS cells died in the presence of BrdUrd. These findings strongly indicate that BS cells were highly sensitive to BrdUrd. DISCUSSION Bloom syndrome (BS) is an autosomal recessive disorder characterized by pre-and postnatal growth retardation, a narrow face with dolichocephaly, sun-sensitive eruption of the face, and increased risk of cancer (2) . The most prominent cytogenetical characteristic is an increased rate of SCE, though neither the mechanisms leading to nor the biological significance of SCE is known (1, 3) . The use of lymphoid B-cell lines is particularly well suited to further evaluate the mechanism causing an in- 
